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Abstract In this study, we conduct sensitivity experiments with the Community Atmosphere Model
version 5 to understand the impact of representing heterogeneous distribution between cloud liquid and
ice on the phase partitioning in mixed-phase clouds through different perturbations on the
Wegener-Bergeron-Findeisen (WBF) process. In two experiments, perturbation factors that are based on
assumptions of pocket structure and the partial homogeneous cloud volume derived from the
High-performance Instrumented Airborne Platform for Environmental Research (HIAPER) Pole-to-Pole
Observation (HIPPO) campaign are utilized. Alternately, a mass-weighted assumption is used in the
calculation of WBF process to mimic the appearance of unsaturated area in mixed-phase clouds as the result
of heterogeneous distribution. Model experiments are tested in both single column and weather forecast
modes and evaluated against data from the U.S. Department of Energy (DOE) Atmospheric Radiation
Measurement (ARM) Program's Mixed-Phase Arctic Cloud Experiment (M-PACE) field campaign and
long-term ground-based multisensor measurements. Model results indicate that perturbations on the WBF
process can significantly modify simulated microphysical properties of Arctic mixed-phase clouds. The
improvement of simulated cloud water phase partitioning tends to be linearly proportional to the
perturbation magnitude that is applied in the three different sensitivity experiments. Cloud macrophysical
properties such as cloud fraction and frequency of occurrence of low-level mixed-phase clouds are less
sensitive to the perturbation magnitude than cloud microphysical properties. Moreover, this study indicates
that heterogeneous distribution between cloud hydrometeors should be treated consistently for all cloud
microphysical processes. The model vertical resolution is also important for liquid water maintenance in
mixed-phase clouds.

1. Introduction

Surface air temperature in the Arctic has risen twice as fast as the global mean (Fyfe et al., 2013; Hartmann
et al., 2013; Huang et al., 2017; Pithan & Mauritsen, 2014; Screen & Simmonds, 2010). Mixed-phase clouds,
composed of a mixture of supercooled liquid droplets and ice crystals, are considered to play an important
role in the Arctic climate change (Bennartz et al., 2013; Garrett & Zhao, 2006; Hofer et al., 2019).
Observations indicate that mixed-phase clouds are ubiquitous in the Arctic throughout the years (de Boer
et al., 2009; Shupe, 2011; Shupe et al., 2006). Single-layer stratiform mixed-phase clouds are frequently
observed to comprise a liquid layer at the cloud top, from which cloud ice particles are continuously formed
and precipitating out. The complex interactions between cloud microphysics, cloud top radiative cooling,
turbulent mixing, and surface coupling enable this type of Arctic mixed-phase clouds to persist from a couple
of hours to several days in the high latitudes (Morrison et al., 2012).

Because of the significant difference in radiative properties of liquid droplets and ice particles, the phase
partitioning between cloud liquid and ice in mixed-phase clouds has considerable impacts on the surface
energy budget and regional and global climate. The simulation of phase partitioning of mixed-phase
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clouds is therefore of substantial importance for global climate models (GCMs) to have an accurate projec-
tion of the future climate change. However, considerable uncertainties are generally identified in GCMs in
simulated partitioning between condensed cloud water content. For example, the supercooled liquid frac-
tion (SLF), defined as the ratio of cloud liquid water path (LWP) over cloud total water path (TWP) (i.e., sum-
mation of LWP and ice water path (IWP)), exhibits large variabilities as a function of temperature in
simulated mixed-phase clouds among GCMs that participate in the Coupled Model Intercomparison
Project Phase 5 (CMIP5). The temperature at which supercooled liquid and ice are equally abundant differs
by nearly 40°C in mixed-phase clouds over the Southern Ocean (McCoy et al., 2015, 2016).

One source for cloud phase biases that has not been fully understood lies in the discrepancy between number
concentrations of ambient ice nucleating particles (INPs) and observed cloud ice particles. As mixed-phase
cloud microphysical properties are largely sensitive to the cloud ice number concentration, either the bias in
the representation of INPs (Fridlind et al., 2012; Xie et al., 2013) or the bias in the representation of second-
ary ice particle production (Field et al., 2017) may lead to errors in the modeled LWP and IWP. Earlier stu-
dies have found that reducing the overestimated INP number concentration can result in a substantial
improvement in modeled LWP through a slowed-down Wegener-Bergeron-Findeisen (WBF) process (Liu
et al., 2011; Xie et al., 2008).

The representation of WBF process, by which ice particles grow at the expense of coexisting cloud liquid due
to the lower equilibrium water vapor pressure with respect to ice than liquid at subfreezing temperatures,
also contributes to the large model biases in simulating mixed-phase clouds (Barrett et al., 2017a; Xie et al.,
2008). Observations and numerical studies have illustrated that the strength of WBF process can be strongly
influenced by the available supersaturation, which depends on the cloud dynamics (Fan et al., 2011; Korolev,
2007, 2008). For example, it is found that the growth of cloud ice particles at the expense of liquid droplets
only takes place in ~50% of cloud volumes, predominantly in downdrafts when local water vapor pressure
exceeds the saturation vapor pressure with respect to ice but remains lower than the saturation vapor pres-
sure with respect to liquid (Fan et al., 2011). Strong updrafts, which provide excessive vapor pressure than
the saturated vapor pressure with respect to both liquid and ice, allow ice particles and liquid droplets to grow
simultaneously (Korolev, 2007, 2008; Korolev & Field, 2008). However, in strong downdrafts (mostly asso-
ciated with deep convections) or near cloud boundaries where the ambient vapor pressure is no longer satu-
rated with respect to ice, simultaneous evaporation of liquid droplets and ice crystals can occur.

The distribution of supercooled liquid droplets and ice particles inside mixed-phase clouds is also critical for
the WBF process (Korolev et al., 2003; Korolev & Isaac, 2006). In situ measurements suggest that mixed-
phase clouds may not consist of homogeneous distribution of liquid and ice, and pure liquid or pure ice
pockets on the scales of 102 to 10° m are likely to exist (D'Alessandro et al., 2019; Korolev et al., 2003,
2017; Korolev & Isaac, 2006). Cloud volume that is saturated with respect to liquid is therefore largely
reduced as the result of pure ice areas. The distribution of relative humidity with respect to liquid (RH) is
then skewed toward a lower value below 100% (Fu & Hollars, 2004; Korolev & Isaac, 2006). Moreover, the
heterogeneous distribution between liquid droplets and ice crystals also reduces the contact volume where
ice crystals interact with liquid droplets. The volume that ice crystals grow at the expense of liquid water via
the WBF process is therefore restricted (Tan & Storelvmo, 2016). The slowed-down WBF process will change
the cloud phase and glaciation of mixed-phase clouds, which may ultimately affect the climate sensitivity
estimated from GCMs (Tan et al., 2016).

The large discrepancies in phase partitioning of condensed cloud water between model simulations and
observations can be largely addressed by improving the treatment of WBF process in GCMs. For example,
by considering the impact of subgrid variability of in-cloud updrafts on the activation of WBF
process, Storelvmo et al. (2008) found that the onset frequency of WBF process is significantly altered in
mixed-phase clouds, yielding a smoother transition from liquid to ice that is more comparable to the obser-
vation. Furthermore, supercooled liquid droplets and ice crystals are generally assumed to homogeneously
distribute inside mixed-phase clouds in each GCM grid cell. As a result, all condensed liquid water has the
potential to be consumed by ice particles through the WBF process, particularly within a long model time
step (20-30 min). Tan and Storelvmo (2016) pointed out that the heterogeneous distribution of liquid and
ice in mixed-phase clouds can substantially extend the WBF process time scale by orders of magnitude
because of the shrink of contact volume between the two phases.
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The goal of this study is to understand the sensitivity of simulated Arctic mixed-phase clouds to the hetero-
geneous distribution of supercooled liquid droplets and ice particles in GCMs and how the change in WBF
process would interact with other cloud microphysical processes. We test three different assumptions that
mimic the consequences of heterogeneous distribution in mixed-phase clouds through perturbations on
the WBF process with the Community Atmosphere Model version 5 (CAMS5). Sensitivity experiments using
the single column version of CAMS5 are tested against extensive observations at the U.S. Department of
Energy (DOE) Atmospheric Radiation Measurement (ARM) North Slope of Alaska (NSA) site during the
Mixed-Phase Arctic Cloud Experiment (M-PACE) field campaign. Model experiments run in the weather
forecast mode are compared with the long-term ground-based remote sensing data to understand the impact
of perturbation on the seasonal variations of Arctic mixed-phase clouds.

The structure of this paper is organized as follows. The introduction of CAMS5 model and sensitivity experi-
ments are presented in section 2. Section 3 introduces the model approach including single column and glo-
bal weather forecast modes. Section 4 presents the model results from single column simulations, and results
from global simulations are provided in section 5. Summary and conclusions are given in section 6.

2. Model and Experiments
2.1. CAM5

The released CAM version 5.3 is used in this study (Neale et al., 2010). A two-moment cloud microphysical
scheme (Morrison & Gettelman, 2008, hereafter as MGO08) is included in CAMS5, which parameterizes the
microphysical processes of cloud hydrometeors of cloud liquid, cloud ice, rain, and snow. The mass mixing
ratios and number concentrations of cloud liquid and cloud ice are prognostically calculated, while those of
rain and snow are diagnosed. Other physical parameterizations in CAMS5 include the three-mode version of
modal aerosol module (MAM3) (Liu et al., 2012), Zhang and McFarlane (1995) deep convection parameter-
ization, Park and Bretherton (2009) shallow convection scheme, and Bretherton and Park (2009) scheme for
the planetary boundary layer (PBL) turbulence process. The Rapid Radiative Transfer Model for GCMs
(RRTMG) (Tacono et al., 2008) is applied in the aerosol and cloud radiative transfer calculations.

As the default heterogeneous ice nucleation parameterization in CAMS5, the Meyers et al. (1992) scheme was
found to overestimate the nucleated ice number concentration in mixed-phase clouds (DeMott et al., 2010,
2015; Prenni et al., 2007). Different from the deterministic Meyers et al. parameterization, classical nuclea-
tion theory (CNT) follows the stochastic hypothesis that represents ice nucleation as a function of time
(Chen et al., 2008; Hoose et al., 2010). The CNT scheme relates the heterogeneous ice nucleation rate to
the properties of aerosol particles such as number concentrations and sizes of aerosol particles. By consider-
ing the heterogeneity in nucleation ability of individual aerosol particles, Wang et al. (2014) introduced a log-
normal probability density function (PDF)-based treatment in contact angle to better represent the ice
nucleation behavior. By replacing Meyers et al. ice nucleation scheme with CNT, Wang et al. (2018) showed
that CAM5-simulated mixed-phase cloud phase partitioning in polar regions is significantly improved espe-
cially at temperatures colder than —20°C. In this study, the Meyers et al. scheme in the default CAMS is
replaced by CNT, and the model experiment is denoted as CTL (Table 1).

2.2. Treatment of WBF Process in Default CAM5

In the MGO8 cloud microphysical scheme, when liquid and ice coexist at temperatures below 0°C, the local
(in-cloud) depositional growth rate A of cloud ice through the WBF process is given by

q:_q:i (1)

Fp Ti

where ¢, is the in-cloud water vapor mass mixing ratio at liquid saturation, g, is the in-cloud water vapor
mass mixing ratio at ice saturation, and I', = 14+(Ly/c,)(dq,;/dT) is the psychrometric correction to account
for the release of latent heat, in which Ly is the latent heat of sublimation, c, is the specific heat at constant
pressure, and (dq,,/dT) is the change of ice saturation vapor pressure with temperature. ¢, and g, are calcu-
lated according to the saturation vapor presssure with respect to liquid and ice, respectively. 7; is the super-
saturation relaxation time scale associated with ice deposition through the WBF process and is given by
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Table 1

Model Experiments in M-PACE Case Study and Global Simulations

Experiments Simulation type Model description

CTL SCM/nudging Default model configuration but with CNT ice nucleation scheme. Nudging U, V (horizontal winds), and T
(temperature) to the ERA-Interim reanalysis data when running the nudging simulation

WBF_TS16 SCM/nudging Apply a constant perturbation value of 10° to the WBF process supersaturation relaxation time scale. Assume
pockets with 100 m size uniformly distributed in grid cells as proposed by Tan and Storelvmo (2016)

‘WBF_HIPPO SCM/nudging  Apply a constant perturbation value of 0.15 to the WBF process. Assume mixed-phase region occupies 15%
fractional volume of mixed-phase clouds. Derived from HIPPO campaign

WBF_MSWT SCM/nudging Replace liquid saturated water vapor mixing ratio with mass-weighted water vapor mixing ratio in the WBF process

‘WBF_TS16_ACC

‘WBF_TS16_ACC_L60

WBF_TS16_ACC_L120 SCM

calculation, following Fu and Hollars (2004)

Same as the WBF_TS16 but the constant perturbation factor is also applied to accretion of liquid droplets and rain
drops by snow. Heterogeneous distribution is consistently considered in cloud microphysics

Same as the WBF_TS16_ACC but utilizes 60 vertical layers

Same as the WBF_TS16_ACC but utilizes 120 vertical layers

Note that sensitivity experiments share the same model configuration as CTL except for the designed modifications for sensitivity tests.

7 = (27NoipeDAT?) ™ @)

where D, is the diffusivity of water vapor in air and Ny; and 4; are the intercept and slope of the ice particle
size distribution, respectively, represented by the gamma function (Morrison & Gettelman, 2008). Note that
as the condensation and evaporation of cloud liquid water are not explicitly calculated in the MGO08 micro-
physics, WBF process here directly converts available cloud liquid water to cloud ice and snow, rather than
consuming the water vapor from liquid evaporation. Under the circumstances when liquid water is totally
consumed in one model time step due to the WBF process, ice particles will continue to gain mass from
water vapor through the depositional growth during the rest of that time step. Therefore, in terms of ice
depositional growth in MGOS, it is composed of two separate microphysical processes: one is the WBF pro-
cess, by which cloud ice and snow grow at the expense of liquid water, and the other is ice depositional
growth at the expense of water vapor. In the following discussion, we will refer the WBF to the first process
whereas the latter process as the ice deposition. In addition to the CTL experiment with the above WBF
treatment, three sensitivity experiments with modifications to the WBF process are conducted and will be
discussed in the following subsections.

2.3. New WBF Treatment Based on Tan and Storelvmo (2016)

The WBF process largely depends on the contact volume between supercooled liquid droplets and ice crys-
tals. The MGO08 microphysics parameterization assumes that supercooled liquid droplets and ice crystals are
homogeneously mixed within an individual grid box, and the contact volume between liquid and ice in a
typical GCM grid box is on a magnitude of 0(10*) m (vertically) x 0(10°) m (horizontally) x 0(10°) m (hor-
izontally) = 0(10"*) m®. On the other hand, as noted in Tan and Storelvimo (2016), when pockets of pure
liquid and pure ice with size of 100 m are assumed as they uniformly distribute on all sides in an alternating
sequence, the contact volume between liquid and ice would be O(10) m (vertically) X 0(10*) m (horizontally)
x 0(10%) m (horizontally) = 0(10”) m>. The contact volume is reduced by six orders of magnitude compared
to the homogeneous distribution. Such a difference in contact volume can be reflected in the WBF process
rate because the WBF process is assumed to be inversely proportional to the supersaturation relaxation time
scale 7; (equation (1)), which is further inversely proportional to the contact volume. The WBF process rate is
thus reduced by six orders of magnitude due to the heterogeneous structure of liquid and ice pockets in
mixed-phase clouds. In this study, a sensitivity experiment using the perturbation to the WBF process fol-
lowing Tan and Storelvmo (2016) is conducted and denoted as WBF_TS16 (Table 1).

2.4. New WBF Treatment Based on HIPPO Data Analysis

The High-performance Instrumented Airborne Platform for Environmental Research (HIAPER) Pole-to-
Pole Observation (HIPPO) Global campaign was operated by the Earth Observing Laboratory (EOL) of
the National Center for Atmospheric Research (NCAR) during 2009 to 2011 (Wofsy et al., 2011). Five
pole-to-pole research flight deployments (HIPPO#1-5) were conducted in total, and each campaign
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Figure 1. Time-pressure cross sections of modeled and observed cloud fraction at the Barrow site during the M-PACE
filed campaign. (a) Observed frequency of occurrence of clouds from the Active Remotely Sensed Cloud Locations
(ARSCL) algorithm. (b-e) SCM simulations. CTL is the default experiment assuming the homogeneous distribution;
WBF_TS16 is the experiment with constant WBF perturbation scale of 106; WBF_HIPPO is the experiment assuming 15%
volume of mixed-phase clouds are homogeneously mixed regions where a perturbation of 0.15 is applied to WBF
process; WBF_MSWT is the experiment using mass-weighted water vapor mixing ratio treatment in the WBF process
calculation.

included two flights over the Arctic from 60°N to 87°N and 135°W to 165°W. In this study, we utilize the raw
1 Hz in situ data of temperature and mass concentration, number concentration, and size distributions of
cloud particles collected in the Arctic regions during HIPPO#2-5 to sample the heterogeneous structures
of mixed-phase clouds, where the spatial resolution is 100-200 m depending on the aircraft speed. There
are ~65 hr of total measurements during the analyzed time period, which corresponds to ~46,800 km of
the flight track at the speed of 200 m/s.

Temperature was measured by the Rosemount temperature probe, with the accuracy and precision of 0.5
and 0.01 K, respectively. We focus on the temperature range between —40 and 0°C to exclude warm clouds
and cirrus clouds. Cloud particles were measured by the cloud droplet probe (CDP) and fast two-
dimensional cloud probe (2-DC). The CDP detects the number concentration of particles ranging from 2
to 50 um, and the 2-DC measures the particles from 62.5 to 1600 um. Particles with the size between 1600
and 3200 um can be mathematically reconstructed. The mass concentrations from 2-DC are derived based
on Brown and Francis (1995). Following the method of D'Alessandro et al. (2019), we define in-cloud con-
ditions as when at least one of the two conditions is satisfied: (1) the CDP measured number concentration
>0.03 cm™ and mass concentration > 3.98x10™ g m>; (2) at least one particle is detected by the 2-DC, and its
derived mass concentration is greater than 4.68x10”> g m™. To further determine the cloud phase, we utilize
the approach shown in Figure 1 of D'Alessandro et al. (2019) to categorize the detected particles into cloud
liquid droplets and ice crystals and define cloud phase based on the mass fraction of LWC with respect to
TWC. Following Korolev et al. (2003), clouds are considered as liquid phase when LWC/TWC > 0.9, mixed
phase when 0.1 < LWC/TWC < 0.9, and ice phase when LWC/TWC < 0.1. We note that a “moving average”
is conducted on the 1 Hz observation data to derive the 10 and 100 s averaged data, corresponding to 2 and 20
km spatial resolutions, to examine the impact of spatial scale on the inspected mixed-phase cloud structures.

Cloud phase determination in the HIPPO campaign is categorized into four temperature bins: —10-0°C,
—20-—10°C, —30-—20°C, and —40-—30°C. The total flight time at each temperature bin and the probability
of occurrence of each cloud phase at different temperature bins are listed in Table 2. Note that the cloud data
discussed in the subsequent phase determination analysis are further sampled using a threshold of
TWC >0.01 g m’>, which is the main reason for more in-cloud samples at coarser scales. As shown in
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Table 2

Number of Samples and Occurrence Frequency of Three Cloud Phases at Four Temperature Bins from 0 to —40°C in the HIPPO Global Campaign

Dataset Temperature Liquid phase (#) Mixed phase (#) Ice phase (#) In-cloud (#)
Obs1s -10°C < T < 0°C 3115 (38.0%) 1953 (23.8%) 3134 (38.2%) 8202
-20°C < T < -10°C 784 (18.4%) 138 (3.2%) 3328 (78.3%) 4250
-30°C < T < -20°C 263 (7.2%) 178 (4.9%) 3209 (88.0%) 3650
-40°C < T < -30°C 3(0.3%) 10 (1.0%) 919 (98.6%) 932
Total 4165 (24.5%) 2279 (13.4%) 10590 (62.2%) 17034
Obs 10s -10°C < T < 0°C 3373 (38.0%) 2562 (28.8%) 2949 (33.2%) 8884
-20°C < T < -10°C 834 (19.5%) 206 (4.8%) 3237 (75.7%) 4277
-30°C < T < -20°C 242 (6.9%) 271 (7.7%) 3007 (85.4%) 3520
-40°C < T < -30°C 0 (0.0%) 13 (1.4%) 898 (98.6%) 911
Total 4449 (25.3%) 3052 (17.3%) 10091 (57.4%) 17592
Obs 100 s -10°C < T < 0°C 4715 (40.4%) 4570 (39.2%) 2388 (20.5%) 11673
-20°C < T < -10°C 1125 (22.7%) 492 (9.9%) 3337 (67.4%) 4954
-30°C < T < -20°C 280 (6.7%) 520 (12.4%) 3385 (80.9%) 4185
-40°C < T < -30°C 0 (0%) 29 (3.2%) 883 (96.8%) 912
Total 6120 (28.2%) 5611 (25.8%) 9993 (46.0%) 21724

Table 2, the occurrence frequency of mixed phase portions increases as temperature warms. Under all three
spatial resolutions, clouds with coexisting liquid and ice occur with the highest frequency in the temperature
bin of —10-0°C. The temperature bin between —30 and —20°C shows the second highest frequency of mixed
phase area. In general, mixed phase area in the temperature range of —40-0°C only occupies ~13.4% of total
clouds based on 1 Hz data. The occurrence frequency of mixed-phase regions tends to increase when the
averaging scale expands. Table 2 demonstrates that the homogeneously mixed-phase region should not
always exist but is more likely to occupy limited cloud volumes in the temperature range of —40-0°C.

We therefore propose that liquid and ice homogeneously mixed regions only have ~15% fractional volume of
the clouds in the temperature range between —40 and 0°C. We note that this 15% is likely an underestima-
tion of the homogeneously mixed regions inside mixed-phase clouds, because pure liquid clouds or pure ice
clouds may be sampled as mixed-phase clouds in our sampling strategy. Moreover, we note that the aircraft
observations are inherently based on the 1-D measurements, which is not exactly a sampling of the 3-D
volume in a GCM grid box. However, the 15% estimate made here is based on a statistical distribution of
cloud segments from 21,724 aircraft samples on 20 km scales, which should be statistically representative
of a 3-D volume. Additionally, the sampling approach in the HIPPO campaign has no preference for inside
or outside of clouds; thus such a statistical analysis is not biased toward one type of clouds or a certain level
in a cloud. As the WBF process only occurs in the homogeneously mixed regions, the limited mixed-phase
volume will cause a lower WBF process rate. As noted in the earlier section, since the WBF process rate is
proportional to the mixed volume, a perturbation factor of 0.15 is applied to equation (1) to represent the
15% of homogeneously mixed regions. The model experiment with WBF process activated at only 15% of
the grid cell is referred to as WBF_HIPPO in the following discussion.

2.5. New WBF Treatment Based on Mass-Weighted Water Vapor

Earlier theoretical studies and in situ measurements elucidated that RH is close to 100% in mixed-phase
clouds with the temperature range between —35 (generally above —30°C) and —5°C due to the fact that
liquid droplet evaporation is much faster than ice deposition (D'Alessandro et al., 2019; Korolev & Isaac,
2006; Korolev & Mazin, 2003). Conversely, Fu and Hollars (2004) argued that the scenario that RH remains
saturated with respect to liquid could be true only when liquid droplets and ice crystals are homogeneously
mixed in space. They found that RH in observed Arctic mixed-phase clouds substantially deviated from the
saturation water vapor with respect to liquid. They hypothesized that the possible heterogeneous distribu-
tion between cloud particles on the scale of 100 m may explain the discrepancy in observed RH inside
mixed-phase clouds. In addition, Fu and Hollars (2004) found that a mass-weighted representation of RH
can better represent the observed RH values in the Arctic mixed-phase clouds, which may reflect the conse-
quence of heterogeneous distribution.

In MGO8 cloud microphysics, the homogeneous distribution between liquid and ice is assumed, and the
WBF process rate is determined based on the difference between saturated water vapor mixing ratio
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with respect to liquid and saturated water vapor mixing ratio with respect to ice. However, according to
Fu and Hollars (2004), such an assumption of water vapor mixing ratio at liquid saturation may not be
valid when heterogeneous distribution of condensed cloud water exists in mixed-phase clouds. To take
the heterogeneous distribution into account, a mass-weighted water vapor mixing ratio is used to
replace the saturated water vapor mixing ratio with respect to liquid in the WBF process calculation
(equation (1)).

LwcC IW(

D = WX e T WX e (3)
where g, is the water vapor mixing ratio at liquid saturation and g, is the water vapor mixing ratio at ice
saturation. LWC and IWC are total in-cloud liquid water mass mixing ratio (liquid + rain) and total in-cloud
ice water mass mixing ratio (ice + snow), respectively, and total water content (TWC) is sum of LWC and
IWC. As the rate of WBF process and ice depositional growth is now related to the mass partitioning of con-
densed cloud water, the impact of heterogeneous distribution such as pure liquid or pure ice on the WBF
process can be represented in this mass-weighted treatment (MSWT). For example, when pure ice exists
in the mixed-phase cloud, g, in equation (3) should be g,; as LWC equals to 0. The difference between g,
and q,; in equation (1) will then become 0, and the WBF process effectively shuts down. A varying condition
between homogeneous distribution and heterogeneous distribution is represented, as g, changes between g,
and q,; depending on the partitioning of condensed cloud water. Note that the mass-weighted assumption
has been used before without using heterogeneous distribution of cloud liquid and ice in mixed-phase clouds
as the justification for the assumption (Lord et al., 1984; Wood & Field, 2000). Therefore, this assumption is
indirectly related to the existence of heterogeneity of mixed-phase clouds. We denote this sensitivity experi-
ment as WBF_MSWT in the following discussion.

3. Model Approach
3.1. Single Column Modeling

Single column model (SCM) has been widely used in developing and testing physics parameterizations in
GCMs (Klein et al., 2009; Liu et al., 2007, 2011; Morrison et al., 2009; Xie et al., 2005; Yuan et al., 2006).
With large-scale circulation forced by observations, SCM results can be directly compared to observational
data to evaluate the model behavior due to the change in physical parameterizations. The CAM5 SCM uti-
lized in this study is run under the Eulerian dynamic core with 30 vertical layers and 20-min time step. The
physics parameterizations in SCM are the same as standard CAM5. SCM experiments are run for the period
of M-PACE field campaign which was conducted at the ARM NSA Barrow site in October 2004 (Verlinde
et al., 2007). To constrain SCM for the M-PACE field campaign, large-scale forcings including advections
and divergences of temperature (7) and moisture (Q), and surface fluxes are derived following Xie et al.
(2006). In order to provide a reasonable aerosol field for the SCM simulation of Arctic mixed-phase clouds,
aerosol size distribution and number mixing ratios are prescribed with the in situ data following Liu et al.
(2011). Sulfate, primary organic matter (POM), sea salt, and mineral dust are categorized in the correspond-
ing MAM modes. The mass fraction for each aerosol species in each mode is prescribed as 70% POM and 30%
sulfate in the accumulation mode and 85% sea salt, 10% sulfate, and 5% mineral dust in the coarse mode.
Number concentrations of cloud droplets and ice crystals are then calculated online by the cloud microphy-
sics in SCM.

3.2. Global Modeling

CAMS is also run in the global mode using 1.9° X2.5° horizontal resolution and 30 vertical levels with 8
levels below 2 km. The nudging technique is utilized in global simulations to constrain simulated hor-
izontal wind (U, V) and temperature (T) fields toward the ERA-Interim reanalysis data from the
European Center for Medium-Range Weather Forecasts (ECMWF). Three-year simulations are run from
November 2005 to December 2008 to examine the impact of perturbation to the WBF process treatment
on seasonal variations of modeled mixed-phase cloud properties. The first 2-month results are used as
model spin-up, whereas the rest of the simulations are for model analysis. Model results are 3 hourly
outputted to sample low-level stratiform mixed-phase clouds. We select the land grid that is closest to
the NSA Barrow site (located at 71.3°N, 156.6°W) to evaluate low-level mixed-phase clouds against
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Figure 2. Time-pressure cross sections of modeled cloud liquid water (including rain; a-d) and cloud ice water (including snow; e-h) mass mixing ratios at the
Barrow site during the M-PACE filed campaign from CTL and the difference between three sensitivity experiments (WBF_TS16, WBF_HIPPO, and
WBF_MSWT; from left to right) and CTL. Black contours are the ambient temperatures.

the ARM ground-based; observational data. Model results using an ocean grid are not
significantly different.

4. Single Column Model Results
4.1. Modeled Cloud Properties in M-PACE

Simulations of Arctic mixed-phase clouds from CAMS5 SCM are evaluated against the ground-based observa-
tions in M-PACE. Figure 1 shows the comparison of time-pressure cross sections between observed fre-
quency of cloud occurrence and SCM simulated cloud fraction in the CTL and three sensitivity
experiments. The observed frequency of occurrence of clouds is derived from the Active Remotely Sensed
Cloud Location (ARSCL) algorithm (Clothiaux et al., 2000), which provides the vertical location of clouds
by integrating measurements of Millimeter Wave Cloud Radar, Micropulse Lidar (MPL), and laser ceil-
ometers. The observation data were collected at 10-s and 45-m intervals and are now averaged into 3-hour
and 25-hPa intervals so that it can be better compared with the clouds from model simulations. Figure 1a
indicates that, at the NSA Barrow site, multilayer clouds were observed during 5-8 October and followed
by continuous single-layer mixed-phase clouds between 8 and 14 October. Deep clouds associated with fron-
tal systems dominated the last several days of M-PACE. In general, compared to observations, SCM poorly
simulates the multilayer clouds at the beginning and the frontal systems in the later campaign period.
Between 8 and 14 October, although temporal patterns of clouds are relatively well produced by CTL, the
cloud fraction is largely underestimated, and the modeled cloud base is too low compared to observations.
The bias in modeled cloud base can be explained by the overestimated specific humidity and RH near the
surface (shown in Figure S1), which is probably due to the biased forcing of water vapor advection or surface
fluxes that drive the SCM. Moreover, the underestimation of cloud fraction is likely attributed to cloud
microphysics since condensed cloud water is mostly in ice phase in CTL (shown in Figure 2), and ice parti-
cles go through rapid growth at the expense of water vapor and reduce the ambient RH. Figures 1c-1e show
the improvements in modeled cloud fraction in the three sensitivity tests with perturbed WBF treatments.
Cloud fraction at layers between 950 hPa and 850 hPa increases substantially compared to CTL. We note that
comparable improvements are found in WBF_TS16 and WBF_MSWT, while WBF_HIPPO shows a smaller
increase of cloud fractions between 10 and 12 October than these two experiments. However, it should be
noted that the corrections tend to over-simulate cloud fraction, and the cloud layers are significantly too
deep. Cloud base and cloud top both remain too low compared to the observations.
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= 10 E h to CTL. We note that WBF_TS16 most substantially increases LWC in
g i ] the low-level single-layer mixed-phase clouds during M-PACE. Using a
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) vapor hypothesis in WBF_MSWT increases the LWC by the extent less
Order of magthde of slow-down than WBF_TS16 but more than WBF_HIPPO. Such a difference indicates

Figure 3. Frequency of occurrence of the slow-down magnitude on the
WBEF process as a result of using mass-weighted water vapor mixing ratio.

that the perturbation to the WBF process in WBF_MSWT has an equiva-
lent magnitude between 10 and 0.15, which implies that mass-weighted

The WBF process slow-down magnitude is calculated as the ratio of per- water vapor mixing ratio in equation (3) is able to describe an intermedi-
turbed WBF process rate from the mass-weighted treatment over the WBF  ate but varying condition between the extreme pocket structure proposed

process rate that is calculated by the default treatment from 5 October to
22 October in SCM. The order of slow-down magnitude from 1-9
corresponds to a tuning factor between 10" and 10 in cloud microphysics.

by Tan and Storelvmo (2016) and the partial homogeneous distribution
found in our HIPPO data analysis. In Figure 3, we show the probability
of occurrence of the slow-down magnitude when mass-weighted treat-
ment is introduced to the WBF process. The slow-down magnitude is
defined as the ratio of perturbed WBF process rate using the mass-weighted treatment over the default
WBEF process rate. It is demonstrated that the WBF process in WBF_MSWT is slowed down by factors span-
ning nine orders of magnitude (from 10 to 10™") depending on the partitioning of mixed-phase cloud water.
One interesting finding is that the perturbation tends to peak around 10 and has another peak between 10
and 107, which coincidentally correspond to the perturbations in WBF_HIPPO and WBF_TS16, respec-
tively. The peak around 10" results from liquid dominant cloudy areas, while the peak between 10 and
107 is mostly associated with cloud ice-dominant areas (shown in Figure S2).

Total IWC from three sensitivity tests are shown in Figures 2f-2h. Compared to CTL, modeled IWC changes
less than LWC when perturbing the WBF process. In addition, modeled IWC shows both increased and
decreased patterns between 9 and 14 October in the low-level mixed-phase clouds. As the decrease of
IWC is expected due to the slowing down of ice particle growth, the increase of both LWC and IWC implies
that the total condensed cloud water amount has increased. Similar change is found in the IWC vertical pro-
files as shown in Figure 4, where IWC increases by 25%-50% in sensitivity experiments compared to CTL.
The increased amount of total condensed water can probably be explained by the interaction between cloud
microphysics and cloud top radiative cooling. As more cloud liquid water is simulated, cloud top radiative
cooling can be enhanced to decrease the cloud top temperature (shown in Figure S1). Larger amount of
water vapor therefore could be condensed in simulated low-level mixed-phase clouds.

Figure 4 compares the vertical profiles of total LWC and IWC with remote sensing retrievals based on Shupe
et al. (2008). Both model and observations are averaged between 1200 UTC 9 October and 1200 UTC 10
October to obtain the vertical profiles in M-PACE. Despite the significant underestimation of LWC in
CTL, the three sensitivity tests with perturbed WBF treatments still cannot produce comparable LWC to
the observation. Even with the largest reduction in WBF process rate, WBF_TS16 still underestimates
LWC by a factor of 2. Note that the peak of observed LWC is ~0.4 g m™ at 1.2 km located in the upper cloud
layers. However, simulated cloud layers tend to peak 0.6 km lower than observations, and cloud base is
simulated only ~0.1 km above the surface in all the SCM experiments. As aforementioned, the too low cloud
boundary is likely due to the bias in the forcing data that drive the SCM.
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Figure 4. Vertical profiles of cloud liquid water content (left) and cloud ice water content (right), averaged between 1200
UTC 9 October and 1200 UTC 10 October during M-PACE. Black dash lines are retrieved liquid and ice water contents
from Shupe et al. (2008). Solid black lines represent the SCM CTL. Solid green lines represent WBF_TS16, and solid blue
lines are WBF_HIPPO. WBF_MSWT is shown with solid red lines.

Figure 5 shows the modeled LWP and IWP during the M-PACE, in which rain water and snow water mass
mixing ratios are included in the integration of LWP and IWP. Observed LWP is retrieved from Wang (2007)
based on the ARM Microwave Radiometer (MWR) measurements, while IWP is derived with the combined
radar and lidar retrieval algorithm based on Millimeter Wave Cloud Radar and MPL measurements (Wang
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Figure 5. Liquid water path (upper panel) and ice water path (lower panel) from SCM simulations compared with the
ground-based observation at the NSA Barrow site during the M-PACE campaign. Gray crosses represent observations
from remote sensing retrievals including LWP from Wang (2007) and IWP from Wang and Sassen (2002). Gray straight
lines on crosses indicate the one standard deviation of observed LWP and IWP. Solid black lines represent CTL simulation
while solid green lines represent WBF_TS16, solid blue lines are WBF_HIPPO, and solid red lines are WBF_MSWT.
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& Sassen, 2002). The mean bias in retrieved IWP is less than 35% (Khanal & Wang, 2015). As shown in
Figure 5, the observed low-level mixed-phase clouds in the M-PACE field campaign are sustained with
LWP larger than 100 g m™ between 6 and 14 October. However, CTL only has a noticeable LWP before
10 October, and LWP is close to 0 for the remaining time period. The three sensitivity experiments improve
not only the amount of LWP but also the maintenance of cloud liquid layers. The change in cloud LWP tends
to depend on the perturbation magnitude in WBF process, as WBF_TS16 with the strongest perturbation
produces the highest LWP and longest duration of LWP, and WBF_HIPPO has the lowest LWP since the
magnitude of perturbation is nearly five orders of magnitude smaller. With a varying and intermediate per-
turbation magnitude between these two, WBF_MSWT has a comparable duration of cloud liquid water as
WBF_TS16, but the increase of LWP is similar to WBF_HIPPO. Conversely, modeled IWP has a lower sen-
sitivity to the WBF perturbation, which may result from the effect of other compensating cloud ice phase
microphysical processes, such as accretion of snow. More discussion about the interaction of WBF process
with other cloud microphysical processes will be presented in the next section.

4.2. Microphysics Processes

To understand how the perturbation of WBF process that follows the three different heterogeneity assump-
tions of mixed-phase clouds would affect the simulated cloud properties, budgets of process tendencies for
cloud liquid, cloud ice, rain, and snow are examined in this section. Process tendencies are averaged between
9 and 13 October from SCM results. Figure 6 compares the process tendencies of cloud liquid water mass
mixing ratio from cloud microphysics, as well as from cloud macrophysics, shallow convection, and PBL tur-
bulence in the CTL and three sensitivity experiments. It is shown in Figure 6 that liquid water detrainment
from shallow convection constitutes the majority of liquid source in mixed-phase clouds (i.e., 900-950 hPa)
in CTL, while condensation by cloud macrophysics plays a secondary role and mainly contributes to liquid
water formation near cloud top and bottom. Liquid water evaporation and several cloud microphysical pro-
cesses consume the available cloud liquid. For example, conversions of liquid to ice and snow through the
WBEF process are important sink terms for the mass mixing ratio of liquid cloud water in CTL. With the
strongest restriction in the WBF process, as shown in Figure 6b, WBF_TS16 nearly shuts down the WBF pro-
cess, and instead the accretion of liquid by snow and vertical diffusion by PBL turbulence and shallow con-
vection transport become more effective to consume liquid water. The increased liquid water sinks through
vertical diffusion and shallow convection transport result from the interaction between cloud microphysics
and other physical parameterizations. Nevertheless, detrainment of cloud liquid from shallow convection
also becomes stronger, resulting in larger amounts of simulated LWC in WBF_TS16. In WBF_HIPPO and
WBF_MSWT, although the tendency of WBF process indicates a small difference from CTL, other physical
processes such as the cloud liquid water evaporation slow down. Detrainment from shallow convection is
enhanced significantly in WBF_HIPPO, which leads to the increase of LWC. However, the accretion of
liquid by snow water is increased in WBF_HIPPO and WBF_MSWT, compensating the slightly reduced
cloud liquid sink through the WBF process. Note that the heterogeneous distribution between liquid and
ice should also reduce the opportunity of liquid accretion by snow in mixed-phase clouds. The contrary
increased tendency of accretion process indicates that the heterogeneous spatial distribution of cloud hydro-
meteors is not consistently reflected in all the cloud microphysical parameterizations. A sensitivity test will
be conducted in section 4.3 to illustrate the effect of a consistent treatment in accretion process on simulated
mixed-phase cloud properties. Note that modeled rain water mass mixing ratio is less sensitive to the WBF
process perturbation in our sensitivity experiments (shown in Figure S3).

Figure 7 shows the budgets of process tendencies for cloud ice water from four SCM simulations. In general,
CTL, WBF_HIPPO, and WBF_MSWT have three major sources for cloud ice mass mixing ratio, including
WBF process at the expense of liquid water, ice depositional growth at the expense of water vapor, and
the detrainment of cloud ice from shallow convection. The combined effect from WBF process and ice
depositional growth explains the large underestimation of modeled cloud liquid water in CTL. As introduced
in section 2.2, the WBF process and ice depositional growth at the expense of water vapor are two separate
microphysical processes treated in MGO8, in which the WBF process is calculated to consume available
cloud liquid, whereas the ice depositional growth is determined for ice particles to continue their growth
through a deposition of water vapor after all liquid water has been consumed. The strength of ice deposition
can be used to infer whether cloud liquid water is completely or partially consumed in the model. It is
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Figure 6. Process budget analysis associated with cloud liquid water tendencies from cloud microphysical processes, con-
densation/evaporation process from cloud macrophysics, and other physical processes from shallow convection and PBL
turbulence schemes in SCM CTL and three sensitivity experiments. Process tendencies are averaged between 9 and 13
October 2004.

indicated in Figure 7b that the above two processes for cloud ice are completely inhibited in WBF_TS16. The
strength of ice depositional growth is significantly reduced in WBF_HIPPO and WBF_MSWT compared to
CTL (Figures 7c and 7d), which implies that the occurrence of partial depletion of liquid water is more
frequent after perturbing the WBF process. Some of the formed cloud ice particles are depleted by
sedimentation, while a larger fraction of cloud ice mass is removed by autoconversion to snow. Snow
therefore dominates the solid phase in modeled mixed-phase clouds. Detrainment from shallow
convection contributes to the snow water mass mixing ratio and induces the fast increase of snow mass
through collection of liquid droplets and rain drops, where the process tendencies of collection of liquid
and rain are much larger in WBF_TS16 than other experiments (Figure S4). Conclusively, the
perturbation of WBF process plays an important role in reducing the probability of occurrence of
complete consumption of the available cloud liquid water in the modeled mixed-phase clouds. Thus, the
depositional growth of ice particles at the expense of water vapor is less frequently invoked, and the
generation of snow water becomes less effective in the model.

4.3. Sensitivity Tests with Respect to Accretion and Model Vertical Resolution

As shown in the earlier discussion, when considering the heterogeneous distribution in mixed-phase clouds,
a consistent treatment in all parameterizations is important for cloud microphysics. In this section, we inves-
tigate whether the consistent treatment would further improve the model performance of Arctic mixed-

ZHANG ET AL.

13,082



AAAAAAAAAAAAAA
'AND SPACESCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2019JD030502

(a) CTL (b) WBF_TS16
800""""""“ 800“"""""
|+ — vertical diffusion | 1
| cloud macrophysics

—-—-shallow convection trafisport
"|--=-shallow convection d
|- = all microphysical pro
850 | —sedimentation
—autoconversion
accretion by rain
H——deposition/subli

900-: /
RN

950 —

= 850 —

= 900 —

Pressure (hPa)

- 950 —

1000 —_— 1000 ———r—r——

(c) WBF_HIPPO (d) WBF_MSWT
800 4————-~_ 800 ————-—A—

850 —

900 —i /<
950 -: \

1000 ~—————

= 850 —

= 900 —

Pressure (hPa)

= 950 —

, 1000_,‘.,...
1 2 -2 -1 0 1 2
Budget process rate (g/kg/day) Budget process rate (g/kg/day)

Figure 7. Same as Figure 6 but for cloud ice physical processes.

phase clouds. WBF_TS16 is utilized as an example to examine the model sensitivity to this change. Since
WBF_TS16 is equivalent to slowing down the WBF process by having a factor of 10 on equation (1), to
achieve our goal, a same perturbation parameter of 107 is applied to the calculation of accretion of liquid
and rain by snow hydrometeor. This experiment is denoted as WBF_TS16_ACC (Table 1). Figure 8 shows
the vertical profiles of modeled and observed cloud fraction, LWC, and IWC averaged between 1200 UTC
9 October and 1200 UTC 10 October during M-PACE. It is indicated that, although SCM still produces too
low cloud boundaries compared to observations, LWC from WBF_TS16_ACC is much improved after a
consistent treatment in cloud microphysics, compared to WBF_TS16. Moreover, the overestimation of
IWC in WBF_TS16 is alleviated after the consistent treatment. However, the modeled IWC is now too low
probably due to the coarse model vertical resolution.

Barrett et al. (2017b) revealed that the model vertical resolution is essential for the maintenance of cloud
liquid layers in mixed-phase clouds. Therefore, we conduct two additional sensitivity experiments
(WBF_TS16_ACC_L60 and WBF_TS16_ACC_L120 in Table 1), which are the same as the WBF_TS16_
ACC, but with the model vertical layers increased from the default 30 layers to 60 and 120 layers, respec-
tively. As shown in Figure 8, bias in the modeled cloud boundaries is not alleviated by increasing the model
vertical resolution. However, the simulated mixed-phase clouds contain comparable amounts of cloud liquid
and ice water as the observations. These results demonstrate that a consistent treatment in all cloud micro-
physical processes is important when considering the heterogeneous distribution of cloud hydrometeors.
Meanwhile, the high vertical resolution also helps to improve the model behavior of Arctic mixed-
phase clouds.
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Figure 8. Vertical profiles of cloud fraction (left), cloud liquid water content (middle), and cloud ice water content (right)
averaged between 1200 UTC 9 October and 1200 UTC 10 October during M-PACE. Cloud fraction observations are from
ARSCL, and LWC and IWC profiles are retrieved by Shupe et al. (2008). Solid black lines represent the SCM CTL, solid
blue lines for WBF_TS16, and solid green lines for WBF_TS16_ACC. Dashed lines are for sensitivity experiments with
different vertical resolutions, as red for 60 vertical layers and blue for 120 vertical layers.

5. Global Model Results

In this section, we will discuss how the perturbation of WBF process impacts the seasonal variability of
occurrence of low-level mixed-phase clouds and their microphysical properties in the Arctic.

5.1. Cloud Occurrence

To evaluate the model performance on frequency of cloud occurrence, 3-hourly model output of low-level
mixed-phase clouds is sampled when (1) temperature is within 0 and —40°C; (2) the sum of cloud liquid
water and rain water mass mixing ratios and the sum of cloud ice water and snow water mass mixing ratios
are both greater than 0.001 g kg'; and (3) cloud top is below 700 hPa altitude. Similar sensitivity experiments
as SCM (Table 1) are conducted but using the global model with horizontal wind and temperature fields
nudged to ERA-Interim reanalysis. Model results from 2008 to 2010 are utilized for the analysis. The
ground-based remote sensing observations were collected between 2013 and 2017 at the ARM NSA

Barrow site (Zhang et al., 2014, 2019). We note that although there is a
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deviation in time between modeled and observed clouds, the 5-year statis-
tics in observed cloud properties should not be expected to change signif-
icantly with time. Therefore, here we qualitatively examine the model
response to the perturbation of the WBF process. Model outputs on the
land grid that is closest to the Barrow site (71.3°N, 156.6°W) are used.

Figure 9 shows the comparison between monthly observed frequency of
occurrence of single-layer stratiform mixed-phase clouds and modeled
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sampled mixed-phase clouds to all clouds. Frequency of occurrence is cal-
culated as the ratio of single-layer stratiform mixed-phase cloud profiles to
all-sky profiles, while the percentage fraction is determined as the ratio of
single-layer stratiform mixed-phase cloud profiles to only cloudy-sky pro-
files. The observed single-layer mixed-phase clouds indicate significantly
higher frequency of occurrence in spring and fall at Barrow. Compared
to the observation, CTL generally produces the seasonality of observed fre-
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Figure 9. Comparison of (a) frequency
layer stratiform mixed-phase clouds and

clouds and (b) fractional percentage relative to all clouds at the NSA Barrow.
Frequency of occurrence of mixed-phase clouds is the ratio of number of
profiles of single-layer mixed-phase clouds over the number of all profiles

in spring is underestimated. Similarities in the change of model behavior
of occurrence of observed single-  are found in the three sensitivity experiments compared to CTL. For exam-
modeled low-level mixed-phase ple, the peaks of frequency of occurrence in spring and fall are largely
enhanced due to the slowed-down WBF process which helps to maintain
more mixed-phase clouds. Meanwhile, the low frequency of occurrence

including both cloudy and clear-sky profiles, while fractional percentage is 1l Warm seasons is reduced with the WBF perturbation, which may be

the ratio over cloudy-sky profiles.

related to the higher cloud top as Figure 10 shows that the cloud top
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Figure 10. Monthly statistics of observed stratiform mixed-phase clouds and modeled low-level mixed-phase clouds at
Barrow: (a) CTT, (b) LWP, (c) IWP, and (d) SLF. The box-and-whisker plots provide 10th, 25th, 50th, 75th, and 90th
percentiles of the monthly statistics, and the means are indicated by triangles. Gray color represents the observation, while
black for CTL, green for WBF_TS16, blue for WBF_HIPPO, and red for WBF_MSWT.

temperature (CTT) tends to become lower in perturbed simulations. The frequency of occurrence of low-level
mixed-phase clouds indicates an insignificant sensitivity to the perturbation magnitude on the WBF process.

5.2. Cloud Properties

The observed cloud properties were obtained from long-term ground-based radar and lidar measurements at
the Barrow site. Monthly LWP and IWP were derived following Wang and Sassen (2002) only for single-layer
mixed-phase clouds. Figure 10 compares the monthly statistics of CTT, LWP, IWP, and SLF of low-level
mixed-phase clouds between model simulations and observations. We note that due to the coarse vertical
resolution, CTT sampled from model is the cloud layer temperature. As shown in Figure 10a, observed
CTT has a strong seasonal variation at Barrow with warmer CTTs during the warm season (i.e., JJA). CTL
generally overestimates the observed CTT especially in the boreal fall. With the perturbations in WBF pro-
cess, all the three sensitivity tests alleviate the overestimation of CTT compared to CTL. The CTT decreasing
extent tends to linearly relate to the perturbation magnitude, as WBF_TS16 shows the largest decrease, while
WBF_HIPPO is the least and WBF_MSWT in the middle. Observed single-layer mixed-phase clouds exhibit
the local maximum LWP in early boreal fall. However, all the simulations generally underestimate the
observed LWP throughout the year and misrepresent the LWP peak in the boreal summer. Compared to
CTL, the LWP seasonal variation becomes stronger with the introduction of mixed-phase cloud heterogene-
ity. WBF_TS16 indicates the most significant increase in simulated LWP of low-level mixed-phase clouds,
and the remaining discrepancy from observations may be partially attributed to the inconsistent
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Figure 11. Statistics of observed single-layer stratiform mixed-phase cloud (gray) as a function of CTT and modeled
low-level mixed-phase clouds from CTL (black) and sensitivity experiments (green, WBF_TS16; blue, WBF_HIPPO;
and red, WBF_MSWT) at Barrow. (a)—(c) are for LWP, IWP, and SLF, respectively. The box-and-whisker plots are the
same as in Figure 10.

treatment in cloud microphysics as revealed in section 4.3. We note that the underestimation of LWP may
also be explained by the underestimated occurrence of large LWP, whereas the occurrence of low LWP is
largely overestimated in modeled clouds (shown in Figure S5). In addition to the large overestimation of
IWP, an opposite seasonality of IWP in low-level mixed-phase clouds is simulated in CAMS5
compared to observations. For example, minimum IWP is observed in the boreal summer, but the
model generates the maximum IWP for the same time period. The too high IWP during the summer
can be explained by the cold bias in simulated cloud temperature. Moreover, WBF_TS16 and
WBF_MSWT slightly reduce the ITWP difference between boreal summer and winter, but the TWP
bias in wintertime is moderately enhanced. In terms of SLF, the supercooled liquid in low-level
mixed-phase clouds dominates throughout the year in observations. SLF is higher than 80% in most
of the observed stratiform mixed-phase clouds at the Barrow site; and boreal summer shows the
higher SLF than other seasons. Compared to the observation, simulated SLF in low-level mixed-phase
clouds is largely underestimated in CTL. Slight improvements are shown in WBF_TS16 and
WBF_MSWT for summer due to the reduced overestimation of IWP in these two tests, improving the
modeled seasonality of SLF.

To better understand how the perturbation of WBF process would impact SLF in mixed-phase clouds,
Figure 11 shows the statistics of low-level mixed-phase clouds at different CTTs at Barrow. Figure 11a indi-
cates that LWP has a maximum centered at —10°C and a minimum near —15°C. The minimum in LWP
around —15°C could be associated with the fast ice depositional growth that effectively consumes the super-
cooled liquid water (Korolev, 2008). The rapid ice growth at this temperature range can be demonstrated in
Figure 11b in which IWP indicates a peak centered at —14°C. The CTL and three sensitivity experiments
exhibit small differences in the relation between LWP and CTT. However, the IWP maximum near —14°C
is reasonably captured by WBF_TS16, WBF_HIPPO, and WBF_MSWT, implying the importance of accurate
treatment of WBF process in controlling the ice phase microphysics in modeled mixed-phase clouds.
Figure 11c shows a pronounced minimum in observed SLF near —15°C owing to the fast ice depositional
growth through WBF process. However, none of the model experiments is able to produce this
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temperature-dependent relation in SLF, because of the underestimation of LWP at temperatures between
—25°C and —20°C and warmer than —15°C.

6. Summary and Conclusions

In this study, we test three different treatments of heterogeneous distribution between liquid droplets and ice
crystals in mixed-phase clouds in CAMS5: (1) following Tan and Storelvmo (2016), a constant perturbation
magnitude of 10° is applied to the WBF process calculation to mimic the pocket structure of pure liquid
and pure ice, in which pockets with the size of 100 m are uniformly distributed inside mixed-phase clouds;
(2) mixed-phase cloud volume with co-existing liquid and ice occupies a fraction of cloud area. A perturba-
tion factor of 0.15 based on the HIPPO analysis is used in the WBF calculation; and (3) following Fu and
Hollars (2004), the mass-weighted water vapor mixing ratio is used to replace the original saturation water
vapor mixing ratio with respect to liquid in the WBF calculation. The phase partitioning of modeled Arctic
mixed-phase clouds in response to the perturbation of WBF process from both SCM and global simulations is
compared against ground-based remote sensing observations. Observed macro- and microphysical proper-
ties of Arctic mixed-phase clouds are obtained at the ARM NSA Barrow site, covering the M-PACE field cam-
paign in October 2004 and 2013-2017.

CAMS sensitivity experiments indicate that a significant reduction in the WBF process rate with the intro-
duction of cloud heterogeneity between liquid and ice enables an increase in the supercooled liquid water
of Arctic mixed-phase clouds. For the M-PACE case study, simulated cloud liquid phase is largely improved,
while there is no significant change in ice phase. The improvement of simulated cloud water phase partition-
ing tends to be linearly proportional to the perturbation magnitude that is applied to the WBF process. When
comparing WBF_TS16 with WBF_HIPPO and WBF_MSWT, a larger increase in LWC is associated with a
stronger reduction in the WBF process rate. Through the budget analysis of process tendencies, we find that
with the WBF process perturbation, liquid water detrained from the shallow convection is enhanced due to
the interactions between cloud microphysics and other physical processes. Although the conversion from
liquid to ice via WBF process is inhibited, other ice phase processes such as the accretion of liquid by snow
become more effective to compensate the decreased ice source from WBF process, which explains the little
change in ice phase. The compensation of total IWC from snow accretion is most substantial in WBF_TS16
where the WBF processes are strictly shut down when compared to the other two sensitivity experiments.
Through a consistent modification in the accretion process due to the cloud heterogeneity, further improve-
ment is found in mixed-phase cloud partitioning. We therefore note the importance of a consistent treatment
in all the cloud microphysical processes regarding the representation of heterogeneous structures of cloud
hydrometeors in mixed-phase clouds. In terms of the seasonality of modeled Arctic mixed-phase cloud prop-
erties at Barrow, compared to CTL, the frequency of occurrence of low-level mixed-phase clouds shows large
enhancements in boreal spring and fall, while mixed-phase clouds tend to become less frequent during the
boreal summer with the perturbed WBF process. Modeled CTT and SLF exhibit larger improvements for
boreal summer than other seasons in all the sensitivity experiments due to the reduced high bias in IWP,
and WBF_TS16 shows the most predominant SLF improvement compared with WBF_HIPPO and
WBF_MSWT. On the other hand, the temperature dependence of IWP on CTT is better captured in all
the three sensitivity experiments.

Among all three sensitivity experiments, we notice that the simulated cloud macrophysical properties such
as cloud fraction and frequency of occurrence of low-level mixed-phase clouds are less sensitive to the per-
turbation magnitude of the WBF process than cloud microphysical properties such as LWP. As the WBF pro-
cess in current CAMS is too effective to maintain cloud liquid water in mixed-phase clouds, we advocate a
more physically based representation of heterogeneous structure rather than a tunable parameter, which
will help to improve the phase partitioning of the Arctic mixed-phase clouds. The improved model physics
better represents what actually happens by simulating the consequence of heterogeneous distribution of
cloud hydrometeors on the WBF process. Since significant moisture biases are found to be related to the
biased large-scale forcing, future work is advocated to address a similar microphysics problem but in a
less-biased forcing framework. Additionally, other mechanisms for reducing the sink of supercooled liquid
water through vapor deposition/WBF processes, i.e., ice particle size distribution changes (Harrington et al.,
1999; Jiang et al., 2000; Morrison & Pinto, 2006; Pinto, 1998; Solomon et al., 2009), ice nucleation changes
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(Fridlind et al., 2012; Xie et al., 2013), or by increasing the source of liquid water, i.e., due to turbulence
(Furtado et al., 2016), should be pursued to accurately simulate the phase partitioning in mixed-phase
clouds. Moreover, consistent with Barrett et al. (2017b), this study also finds the importance of high model
vertical resolution for maintaining the liquid water in mixed-phase clouds.
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